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Abstract We present observations of the radiation belts from the Helium Oxygen Proton Electron and
Magnetic Electron Ion Spectrometer particle detectors on the Van Allen Probes satellites that illustrate the
energy dependence and L shell dependence of radiation belt enhancements and decays. We survey events in
2013 and analyze an event on 1 March in more detail. The observations show the following: (a) at all L shells,
lower energy electrons are enhanced more often than higher energies; (b) events that fill the slot region are
more common at lower energies; (c) enhancements of electrons in the inner zone are more common at lower
energies; and (d) even when events do not fully fill the slot region, enhancements at lower energies tend to
extend to lower L shells than higher energies. During enhancement events the outer zone extends to lower
L shells at lower energies while being confined to higher L shells at higher energies. The inner zone shows the
oppositewith anouter boundary at higher L shells for lower energies. Bothboundaries are nearly straight in log
(energy) versus L shell space. At energies below a few 100 keV, radiation belt electron penetration through the
slot region into the inner zone is commonplace, but the number and frequency of “slot filling” events decreases
with increasing energy. The inner zone is enhanced only at energies that penetrate through the slot. Energy- and
L shell-dependent losses (that are consistent with whistler hiss interactions) return the belts to more
quiescent conditions.

1. Introduction

Almost from the time of their discovery, the radiation belts have been understood to be composed of two
distinct zones of trapped energetic particles separated by a lower intensity slot region [Van Allen, 1959;
Van Allen and Frank, 1959]. Those early studies referred to all trapped energetic electrons as “radiation belt
electrons.” Pfitzer et al. [1966], for example, characterized the energy and pitch angle distributions of radiation
belt electrons in the inner and outer zones over energies from 50 to 4000 keV. They described the structure of
the radiation belts this way: “The inner edge of the inner zone is certainly determined by the upper
atmosphere of the Earth, and the outer part of the outer zone is determined by the magnetopause. The
distribution of particle intensities between these places seems to show a persistent vacancy called the slot.”

The inner magnetosphere contains a multitude of plasma and energetic particle populations each with dif-
ferent (but intertwined) dynamics. These populations include the plasmasphere, the plasma sheet, substorm
injection regions, electron and ion ring current, and the proton radiation belt in addition to the inner and
outer zone radiation belt populations. Contemporary studies typically treat the terms radiation belt electrons,
“relativistic electrons,” and “MeV electrons” synonymously which raises the question of whether tens and
hundreds of keV electrons are accurately described as radiation belt electrons or whether focusing on MeV
radiation belt electrons is too limited.

Figure 1 shows a schematic of radiation belt processes that illustrates some of the populations and processes
that are important for radiation belt dynamics. Medium-energy (i.e., tens to hundreds keV) electrons and ions
from the plasma sheet and substorm injections E× B and gradient-curvature drift sunward and eastward or
westward around the Earth. If the distribution functions are unstable to the growth of waves, these electrons
can become a “source population” providing the energy for waves that resonate with radiation belt electrons.
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A particularly important process is the
local acceleration of MeV electrons in
the outer zone consistent with accelera-
tion by VLF whistler mode chorus waves
[Summers et al., 1998; Green and Kivelson,
2004; Iles et al., 2006; Chen et al., 2007;
Reeves et al., 2013; Thorne et al., 2013;
Reeves, 2015, and references therein].
Electrons with energies of hundreds of
keV are often referred to as the “seed
population” [Obara et al., 2000; Boyd
et al., 2014; Tu et al., 2014] which are accel-
erated to energies> 1MeV. Preexisting
MeV electrons are also further accelerated
to even higher energies.

The plasmasphere is a high-density
region that, typically, shows a steep

density gradient at the plasmapause. It fills a region where corotational E× B drift dominates over sunward
E× B drift—a region that can vary greatly with the strength of the convection electric field. It is important
for several reasons. First, the dramatic difference in densities inside and outside the plasmasphere affects
both wave growth and radiation belt resonance conditions. Second, in steady state, the plasmapause defines
a boundary that plasma sheet and substorm-injected electrons cannot penetrate. In reality though, the dif-
ferent time-dependent drifts of plasmasphere and plasma sheet/injection electrons can cause the popula-
tions to overlap in spatially and temporally localized regions. Third, the persistent presence of VLF whistler
mode hiss inside the plasmasphere tends to scatter radiation belt electrons into the atmospheric loss cone
which is thought to be the primary mechanism responsible for the formation of the radiation belt slot region
[Lyons and Thorne, 1973]. Li et al. [2006] analyzed monthly averages of >2MeV electron fluxes from SAMPEX
(the Solar Anomalous and Magnetospheric Particle Explorer) and found that over many years, the inner edge
of the outer radiation belt tracked the average location of the plasmapause quite closely while Goldstein et al.
[2005] showed the same relationship on timescales of 3.5 days.

Most of the attention on the radiation belts in recent decades has focused on the dynamics of> 1MeV electrons
in the outer belt. The excellent, long-term data sets from GOES and SAMPEX have been extensively studied and
have focused particular attention on>2MeV electrons. In contrast, the dynamics of tens to hundreds of keV elec-
trons in the slot and inner zone have not been as extensively studied as the greater than MeV electrons.
Measurements at these energies are extremely difficult. Protons in the proton belt with energies greater than
tens of MeV cannot be shielded out, andmany intended electronmeasurements can be shown to be dominated
by penetrating protons. MeV electrons can produce high backgrounds in two ways: by direct penetration above
the instrument shielding threshold and by Bremsstrahlung X-ray production in the instrument.

The Van Allen Probes satellites [Mauk et al., 2012] were designed to overcome those limitations and are able
to provide high temporal resolution measurements of electrons from eV to MeV. In this paper we present
initial observations of keV to MeV electron dynamics in the slot and inner zone and consider potential impli-
cations for current theories of radiation belt and inner magnetospheric processes.

The paper is organized as follows. In section 1 we describe the data used in this study. In section 2 we discuss radia-
tion belt dynamics as a function of L shell for different energies. In section 4 we describe the quiet time structure of
the belts. Section 5 introduces the 1 March 2013 event. Section 6 discusses how the radiation belt fluxes are
enhanced and how some energies are transported or injected earthward into and through the slot region.
Section 7 discusses energy- and L shell-dependent loss rates andhow the belts decay back toward a quiescent state.

2. Van Allen Probes Data

The twin VanAllen Probes Satellites have collected data continuously since October 2012. (We frequently refer
to the two satellites by their prelaunch designations Radiation Belt Storm Probe (RBSP)-A and RBSP-B.) The
satellites are in a near-equatorial orbit with apogee ≈ 5.8 RE and an orbital period of ≈ 9 h and a spin period

Figure 1. A schematic illustration of radiation belt structures and processes
[from Reeves et al., 2009].
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of ≈ 11 s. The Van Allen Probes satellites carry an extensive suite of particle and fields measurements. In this
study we present observations from two of the three particle instruments in the RBSP-Energetic Particle,
Composition, and Thermal Plasma (ECT) suite [Spence et al., 2013], the Helium Oxygen Proton Electron
(HOPE) plasma spectrometer [Funsten et al., 2013], and the Magnetic Electron Ion Spectrometer (MagEIS)
[Blake et al., 2013].

HOPE measures electrons and ions (with composition) from 1eV (or spacecraft potential) to 50 keV in 5 look
directions and 72 energy steps with energy resolution ΔE/E≈15%. It uses a spherical electrostatic analyzer
followed by time of flight (TOF) chambers and channel electron multipliers. The instrument was designed with
detectors that are quite insensitive to penetrating backgrounds. In addition, careful accounting start, stop, and
TOF signals actively reject backgrounds from radiation that does penetrate the shielding [Funsten et al., 2013].

MagEIS measures electrons from 20 keV to 4.8MeV using four magnetic spectrometers covering three over-
lapping energy ranges and ions from 55 keV to ~20MeV using a range telescope. The two MagEIS medium
units provide different fields of view and pitch angle coverage. The magnetic spectrometers focus electrons
within a selected energy pass band upon a focal plane of several silicon detectors where pulse-height analy-
sis is used to determine if the energy of the incident electron is equivalent to the electron momentum
selected by the magnet. Thus, each event is a two-parameter analysis, an approach leading to a greatly
reduced background. Additionally, in “histogram mode,” the solid-state detectors measure the full spectrum
both inside and outside the energy passband selected by the spectrometer. Since the energy selection is
strictly controlled by the magnetic spectrometer, signals outside the primary detector passband are all back-
ground [Blake et al., 2013]. Ground-based processing software can then determine the signal-to-noise ratio in
each energy bin and actively subtract any backgrounds that contribute to the signal within the primary pass-
band [Claudepierre et al., 2015; Fennell et al., 2015].

In addition to their design features, both instruments are heavily shieldedmaking the HOPE andMagEIS mea-
surements the best to date for unambiguously measuring the dynamics of keV to MeV electrons in the slot
and inner zone. (The third ECT instrument, the relativistic electron proton spectrometer [Baker et al., 2012],
provides similar measurements at higher energies than are used in the current study.) In this analysis, for both
instruments, we use release three of the spin-averaged, ≈11 s data available at http://www.rbsp-ect.lanl.gov.

3. Energy-Dependent Dynamics

Figure2 showselectronflux as a functionof L shell and time for the year 2013. Figures 2a–2e showfiveenergies,
1553 keV, 459 keV, 234 keV, 110 keV, and 46 keV, respectively. To ease comparison, all fluxes are plotted on
scales covering 3orders ofmagnitudebutwithdifferent absolute ranges. Figures 2f–2h showsolarwind speed,
the interplanetary magnetic field (IMF) Bz, and the Dst index from OMNIWeb (http://omniweb.gsfc.nasa.gov).

The 1553keV electron panel (Figure 2a) shows relativistic electron dynamics that are familiar from observations
by missions such as CRRES [Vampola et al., 1992], Polar [Blake et al., 1995], and SAMPEX [Baker et al., 1993]. The
dynamics of the outer zone are dominated by episodic events that enhance or deplete fluxes in response to
geomagnetic activity: storms, southward IMF, and high solar wind speed [Reeves et al., 2003]. These observations
are some of the first, however, that are essentially free of background contamination frombremsstrahlung X-rays
and penetrating particles [Claudepierre et al., 2015]. As Fennell et al. [2015] have shown, the main feature that
differs from the expected behavior is that there are essentially no >1MeV electrons in the inner zone at levels
above background. We know that the inner zone occasionally gets replenished during high geomagnetic activity
when MeV electrons penetrate through the slot region, deep into the inner magnetosphere as was observed in
the Halloween 2003 event [Baker et al., 2004]. However, during 2013 no such events were observed and the inner
edge of the outer zone MeV electrons never penetrated deeper than L≈ 3 [Baker et al., 2014].

At 459 keV (Figure 2b) the radiation belts have the expected two-zone structure with a very dynamic outer
zone, a fairly stable inner zone, and a slot region. The inner zone has somewhat lower flux levels than the
outer zone. Figures 2c–2e show electrons with energies of 234, 110, and 46 keV, i.e., energies that are usually
associated with “seed” or “source” populations. Yet even at these relatively low energies radiation belt-like
features still exist. Specifically, there is a highly dynamic outer zone region with episodic enhancements of
electron fluxes, a much less dynamic inner zone that is replenished during some of the outer zone enhance-
ment events, and a slot-like region where quiet time fluxes are orders of magnitude lower than in the inner or
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outer zones. This suggests that electrons with energies as low as tens of keV can indeed be considered radia-
tion belt electrons and are likely affected by at least some of the same processes that control radiation belt
dynamics at MeV energies.

In Figure 3 we compare the number of flux enhancement events as a function of energy and L shell for the
first half of 2013. As also seen in Figure 2, at any given L shell there are more events at lower energies than
there are at higher energies. For example, at L �3.5 there were 22 events observed at 46 keV and only 4
events at 1.5MeV. We note that the events at higher energies are always a subset of the lower energy events;
i.e., there were no events identified at higher energies that were not also present at lower energies. Figure 3
also shows that at any given energy, there are fewer events that penetrate to low L shells. At 459 keV there
were 15 events observed at L=5.5. Of those 13 (87%) penetrated to L=4.5 and 9 (60%) penetrated to 3.5
but only 4 (3%) penetrated to 2.5.

To further investigate the energy dependence of penetration into and through the slot region, we return to
Figure 2. At 1.5MeV none of the events in 2013 extended below about L=3, and no enhancement events
were observed at L= 2.5. At 459 keV at least seven events in 2013 show flux enhancements that inject parti-
cles that penetrate through the slot region and at 234 keV there were at least 24.

Summarizing these observations:

1. Outer Zone Enhancements: At lower energies there tend to be more electron enhancements than at higher
energies. Or, said another way, a given event is more likely to produce an enhancement of lower energy

Figure 2. A multienergy view of flux as a function of L shell and time from the Van Allen Probes mission for 2013. (a–d)
Background-corrected MagEIS electron fluxes, (e) electron fluxes from HOPE, and (f–h) geomagnetic indices: solar wind
speed, IMF Bz, and Dst. Dramatic differences in radiation belt electron behavior are seen at different energies and from
event to event.
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electrons than it is to produce an
enhancement at the higher energies.
Notice, for example, the quiet period
in September when 234 keV electrons
show three clear enhancements, but
1553 keV electrons show only one.

2. Slot: In any given enhancement
event lower energy electrons are
more likely to fill the slot region
and penetrate into the inner zone.
Similarly, even when they do not fill
the slot, lower energy electrons
penetrate to lower L shells than
higher-energy electrons.

3. InnerZone: Enhancementsofelectrons
in the inner zone aremore common at
lower energies, but interestingly, not
every slot filling event produces long-
lasting enhancements of inner zone
fluxes. In addition, even in quiet times,
the inner zone extends to higher L
shells for lower energies, and conse-
quently, the slot region is also found
at higher L shells.

Finally,wenote that essentially, every featureof the radiationbelts is energydependent andexhibit a striking coher-
ence across a broad spectrumof energies. We see energy dependence during flux enhancement events and in the
relatively quiet times between enhancement events. We will examine both in more detail in the next sections.

4. Quiet Time Structure

In this section we explore the energy-dependent structure of the radiation belts during relatively quiet times.
This provides a baseline against which to compare the episodic enhancement and transport of outer belt
electrons into and through the slot region. The features we will discuss are the typical features observed
between enhancement events, but it is important to note that enhancement events come too frequently
to call the quiescent conditions “equilibrium” states.

Figure 4 provides a view on the energy-dependent structure of the radiation belts in a different format than is
commonly used. Here we plot electron flux as a function of L shell over a very broad range of energies

spanning 1 keV to 4MeV. This “broad-
spectrum” format provides a comple-
mentary view to the more traditional
plots of L shell and time at several fixed
energies (e.g., Figure 2).

Figure 4 plots HOPE data from 1 to
50 keV (<1 keV HOPE data are not con-
sidered in this study) and background-
corrected MagEIS data from 50 keV to
4MeV. The gaps in MagEIS coverage
are energy channels where the current
background correction algorithm has
not been fully validated.

Extending the observations down to
1 keV highlights the fact that the inner
zone is actually the dominant structure
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of the radiation belts during quiet times. One of the clearest features of the inner zone population is its
energy-dependent outer edge. As was shown in Figure 2 the outer edge of the inner belt is observed at low
L shells for high energies and at higher L shells for lower energies. At ~ 800 keV the inner zone extends out
to only L≈ 2 while at ~50 keV it extends to L≈ 4. This format also shows more clearly that the L dependence
is continuous over a wide range of energies; from ~800 keV down to as low as ~10 keV.

The outer zone electrons in this period are also clearly visible but since this was chosen as a relatively quiet
time, their fluxes are relatively low. There is an interesting, and somewhat unexpected, energy dependence
to the inner edge of the outer zone. At L≈ 4.5 (in this case) there is a minimum in flux as a function of energy
which appears in this format as a “bite out” in the outer zone at energies of few 100 keV. The result is an inner
boundary to the outer belt that could be described as “S shaped.”

The combined energy-dependent structures of the inner zone and outer zone create an energy-dependent
slot region. At energies where there is a clear minimum in the slot (≈10 keV to ≈ 1MeV for this time) the slot
is wider and deeper at high energies and is narrower and shallower at low energies. Where fluxes are substan-
tially above background, the location of the slot minimum is found at higher L shells for lower energies.

Returning to Figure 2, it is apparent that the detailed energy-dependent state of the radiation belts is a func-
tion of the preceding enhancement event and the amount of time since that event. In the following sections
we show that the features seen in Figure 4 are produced by a combination of acceleration, transport, and
loss processes.

5. The 1 March 2013 Enhancement Event

In this section we discuss the energy- and time-dependent structure of the radiation belts spanning an
enhancement event that started on 1 March 2013. Figure 5 shows the solar wind speed, IMF Bz, AE index,
Dst index, and RBSP-A orbit from 21 February to 13 March 2013. The event started late on 28 February with
a modest interval of southward IMF and increasing solar wind speed. The next-day solar wind speeds peaked
at nearly 650 km/s and Dst dipped below �50 nT.

Figure 6 shows how the energy-dependent structures in the radiation belts develop and evolve during the 1
March enhancement event. Each plot shows data from the inbound half of the orbit (i.e., apogee to perigee)
for RBSP-A. Each orbit is separated in time by ~9 h, and each inbound pass takes ~4.5 h.

Figure 6 (left column) shows the enhancement of fluxes and transport into and through the slot region. The
enhancement and transport occur over five orbits that span the ~2day interval from 28 February at 09:41 UT
before the solar wind driving intensified through the main phase of the storm, ending 2 March at 02:03 UT.

Orbits 487 and 488 show the quiet time structure that was discussed in the previous section. This quiescent
state had persisted for many previous orbits. The first signs of the enhancement event in Figure 6 appear on
orbit 489 as substorm-injected electrons began to penetrate to lower L shells. Intense substorm injection
activity continued through orbit 490 but diminished somewhat on orbit 491. (Substorm injection activity is
presented in Figure 8 and will be discussed in more detail later.)

By orbit 490 the flux of outer zone electrons at all energies below 1MeV had been enhanced, and the inner
boundary was shifted to lower L shells. Substantial fluxes of 200 keV electrons were observed below L≈ 3.5,
while on the previous orbit they only appeared above L≈ 4.0. At energies close to 1MeV the change is subtle,
but there is still an inward motion of the boundary of ΔL≲ 0.1. We note, however, that on orbit 490, RBSP-A
had not yet seen any enhancement of > 1MeV electrons.

On orbits 491 and 492, as geosynchronous substorm injection activity continued and Dst remained low, the
trends in the radiation belt enhancement continued. By then fluxes of >1MeV electrons in the outer zone
were enhanced above preevent levels, while fluxes of electrons with energies less than 1MeV continued
to penetrate to lower L shells. For this event, substantial filling of the slot region was observed at all energies
up to ~300 keV but not much above that energy.

Orbit 491 ended at 02:05 on 2 March by which time the enhanced structure of the radiation belts could be
called “fully developed.” The characteristics of the fully developed 1 March enhancement event include (a)
enhanced fluxes in the outer belt at energies up to >3MeV and (b) filling of the slot region at and enhanced
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fluxes of electrons in the inner zone at energies up to ~300 keV, but (c) no filling of the slot or change in the
fluxes of inner zone electrons above ~300 keV.

We also note, in particular, a rather unexpected feature of the outer zone electrons. The inner edge of the active-
time outer belt is highly energy dependent and can be fit quite well with a straight line in log(energy) versus L shell.

To quantify the energy dependence of the boundary, we used the steepest slope on the radial gradient to
define the energy dependence more quantitatively. For the 336 keV channel the steepest gradient is located
between 3< L< 4 with a midpoint of L≈ 3.5. In the 737 keV channel the steep gradient lies between
3.5< L< 4.2 with a midpoint at L≈ 3.8 and a midpoint of the 2.2MeV channel at L≈ 4.5. As is also suggested
by the color contours in Figure 6, those points define a straight line in log(energy) versus L, specifically
Lmin = 0.3 + 1.2 log(E) with E in keV.

Figure 6 (right column) shows the evolution of the radiation belts over the next ~4 days. The decay of electron
fluxes in the slot region begins almost immediately and quickly returns the belts to a quiescent state quite
similar to the state the existed prior to the enhancement event.

6. Radiation Belt Enhancement and Transport Through the Slot

The intent of this paper is primarily to document, observationally, the energy- and L shell-dependent states of
the radiation belts and the transitions from quiescent to enhanced and back to quiescent. It is, however,

Figure 5. Solar wind speed, IMF Bz, AE, Dst, and the orbital L shell for RBSP-A are shown for the 1 March 2013 radiation belt
enhancement event. Orbits 487 through 491 are noted for reference.
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natural to ask why the enhancement and transport of electrons to low L, into the slot, and/or into the inner zone
are so energy dependent, why they vary from event to event, and what physical processes are responsible?
Answering those questions will, no doubt, take further observational, theoretical, andmodeling studies. But, here
we explore, briefly, the possible roles that storm time convection and substorm-like injections might play.

Figure 7 shows four electron energies as line plots that highlight the flux enhancements and earthward transport.
The lines are color coded by orbit running from orbit 487 in blue to orbit 491 in red. The outbound and inbound
legs are at different local times, so both spatial and temporal differences can be seen—particularly at low energies.

For all four energies there is a distinct slot at the beginning of the interval on orbit 487 (blue lines). By orbit 491
(red lines, 36 h later) the slot is completely filled at energies up to at least 146 keV and large increases of fluxes
in the slot are observed up to at least 336 keV. The filling is remarkably rapid. Each orbit is only 9 h, and the
entire interval plotted is only 45 h (28 February, 5:11 UT to 2 March, 2:00 UT).

Figures 7 (first panel) and 7 (second panel) show quite dynamic variations from pass-to-pass down to at least
L< 3. These variations are highly suggestive of substorm injections. Turner et al. [2015] presented a case study
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that clearly linked an injection seen at
L≈ 2.5 to substorm activity seen at geo-
synchronous orbit and beyond. Figure 8
presents substorm injection activity on
1 March 2015 from six Los Alamos
National Laboratory (LANL)-GEO satel-
lites along with data from Van Allen
Probes (A and B). The first injection
occurred at ~23:00 on 28 February. It
does not appear in Figure 6 because
RBSP-A was at perigee at the time. The
first injection seen by RBSP-A occurred
around 01:30 on 1 March. Injection fre-
quency increased again starting around
08:00 UT and continued for the remain-
der of the day and into 2 March when
Dst began to recover (Figure 5).

Previous studies have shown that the
“injection front” (the earthward edge of
the dispersionless injection region)
moves earthward inside geosynchronous
orbit with a speed of tens of km/s [Reeves
et al., 1996;Malaspina et al., 2014] at least
to the vicinity of L≈4.5 [Friedel et al.,
1996], but it is hard to imagine that the
inductive fields that produce dispersion-
less substorm injections extend down to
L≈ 2.5. Turner et al. [2015] attributed the
deep injection to a two-step process
involving dispersionless substorm injec-
tions and further transport by a fast mag-
netosonic wave at Pi2 frequencies.

A third mechanism that may play an
important role is enhanced cross-tail
electric fields driven by dayside recon-
nection. Enhanced storm time convec-

tion increases the sunward directed convective flow and pushes the (energy-dependent) Alfvén boundaries
earthward on the nightside. Thaller et al. [2015] analyzed the event on 1 June 2013 and found ~1–2mV/m
electric fields down to L shells as low as ~2.3. There is no question that this strong convective transport can,
in principal, open up drift paths that bring ions and electrons deep into the inner magnetosphere.

The differences between electron and ion dynamics, however, suggest that enhanced storm time convection
alone cannot produce the observed slot-filling effects. This can be seen by comparing the ion fluxes plotted
in Figure 9 with the electrons plotted in Figures 2 and 6. At 20 keV, electrons, protons, oxygen, and helium can
all be injected to very low L. But, in 2013, 140 keV protons are never injected below L≈ 3 whereas electrons of
the same energy routinely are. For the 1 March event, 140 keV ions fluxes were only enhanced down to L≈ 4
whereas 146 keV electrons fluxes were enhanced down to L≈ 2.5. The competing effects of corotation and
gradient-curvature drifts should, if anything, bring ions deeper into the magnetosphere than electrons.

We also considered if charge exchange losses could mask possible ion injection signatures at low L. If charge
exchange were faster than transport, then ions might be lost before they could be injected whereas electrons
would not be. This does not seem to be the explanation though. Since 20 keV protons are injected below
L≈ 3, earthward transport of 20 keV protons must be faster than losses due to charge exchange. Charge
exchange is slower even slower for 140 keV protons than it is for 20 keV protons, so if earthward transport
is faster than losses at 20 keV, then earthward transport is much faster than losses at 140 keV.
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Figure 7. Flux as a function of L-shell for four different energies. Both
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earthward penetration of the outer zone are all apparent.
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It is likely that 140 keV protons do not penetrate as deeply as 20 keV protons because gradient-curvature
drifts become dominant. However, gradient-curvature drifts also affect electrons, so the difference between
ion and electron behavior must be attributed to some other transport or acceleration processes that act on
electrons but not ions.

Local acceleration by wave-particle interactions is one such process. The observations of the 1 March 2013
event does show characteristics that may be consistent with local acceleration—particularly at energies
above those that penetrate the slot. However, the energy-dependent earthward boundary of the outer zone
is difficult to reconcile with local acceleration alone. Chorus should accelerate electrons over a wide range of
energies wherever chorus is present. While it may be possible for chorus acceleration to produce an inner
edge of the outer belt that is linear in log(energy) versus L shell, it is not readily apparent how that
would happen.

Since no one mechanism seems able to account for the observations, it is probable that several different
mechanisms are acting together. Direct substorm injections, enhanced earthward convection, local accelera-
tion and some additional earthward transport process such as magnetosonic wave resonance may all act in
combination to produce the energy-dependent earthward transport of radiation belt electrons, filling of the
slot region, and injection into the inner zone.

7. Recovery From Enhanced to Quiescent States (Losses)

We now consider the recovery of the 1 March 2013 event from enhanced to quiescent states and discuss the
role of electron losses, pitch angle scattering, and plasmaspheric hiss. Figure 6 shows the evolution of the slot
region over the ~4 days immediately following the enhancement. The decay of electron fluxes in the region

Figure 8. Substorm injection activity on 1March 2013measured at geosynchronous orbit and by the two Van Allen Probes satellites in elliptical orbits. The LANL-GEO
Synchronous Orbit Particle Analyzers (SOPA) electron data spans ~50 to ~500 keV and RBSP data spans ~40 to ~600 keV.
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L≈ 2.5–4 begins almost immediately. It is apparent that the rate of decay depends both on L shell and on
energy. For example, at L=4.5 the fluxes of 70 keV electrons decrease more quickly than at 700 keV.
Specifically, Figure 10 shows the flux as a function of time for four energies and two L shells. At L= 5, in
the heart of the outer belt, lifetimes become longer and longer with increasing energy. In contrast, at L= 4
the lifetimes at 146 and 336 keV are shorter than they are at higher (737 keV) or at lower (57 keV) energies.
It is these energy- and L shell-dependent loss rates that create the bite-out and S-shaped outer belt boundary
that was discussed previously.

Similar energy and L dependencies to the loss rates create the inner zone. For example, at L= 3 the fluxes of
200 keV electrons decrease more quickly than the fluxes of 50 keV electrons leaving a sharp boundary to the
inner zone that can be described approximately by Lmax = 7–2 log(E) with E in keV.

The different loss rates as a function of energy and L shell discussed here are based only on observations and do
not depend on any particular physical mechanism. We note, however, that losses at these energies and L shells
have often been attributed to pitch angle scattering fromwhistler mode hiss [Lyons et al., 1972; Lyons and Thorne,
1973; Santolík et al., 2001;Meredith et al., 2006, 2007; Summers et al., 2007; Ripoll et al., 2014, 2015; Li et al., 2015].

Meredith et al. [2007] calculated electron lifetimes for plasmaspheric hiss as a function of energy and L and
found that at L = 4 the minimum lifetime occurred for ~200 keV consistent with our results. They also
found that at lower L shells, the lifetimes for a given energy got progressively longer which likely explains
the energy dependence of the inner zone population. More recently, J.-F. Ripoll et al. (Highly resolved

Figure 9. Ion fluxes as a function of L shell and time along with solar wind speed, Bz, and Dst plotted in the same format in
Figure 2. (a) 140 keV MagEIS ion measurements. (b) 45 keV HOPE protons. (c–e) 20 keV protons, helium ions, and oxygen
ions. Ions with 20 and 45 keV energies penetrate more deeply and decay more quickly than at 140 keV. Comparison with
Figures 2 and 7 shows that ~140 keV electrons fill the slot quite frequently in 2013 while 140 keV ions were not injected
below L ≈ 3.
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effects of whistler-mode hiss waves in March 2013, Journal of Geophysical Research, manuscript in
preparation, 2015) used Van Allen Probes plasma and wave observations for the same 1 March 2013 event
to calculate electron lifetimes as a function of energy and L shell and found good agreement with the
observed lifetimes presented here.

8. Conclusions

We have presented an analysis of the dynamics of the radiation belts from the Van Allen Probes mission.
Newly available data that have had penetrating background removed enables studies in the slot and inner
zone that were previously ambiguous or difficult to interpret. The high-energy-resolution measurements
from HOPE and MagEIS show that radiation belt dynamics are coherent across a broad range of energies
down as low as a few tens of keV. Even tens and hundreds of keV electrons show a spatial structure with
an inner zone, slot, and outer zone commonly thought to be typical of the radiation belts, but above
1MeV the “typical” inner zone is absent throughout 2013.

We investigated the energy-dependent dynamics of radiation belt enhancements at multiple energies
(Figures 2 and 3). We found that (1) at any given L shell there are more enhancement events at lower energy
than there are at higher energies; (2) enhancement events therefore appear to have an upper energy limit
that varies from event to event; (3) at any given energy the number of events observed decreases with L
but some events penetrate more deeply than others; (4) therefore, in any given event lower energy electrons
aremore likely to fill the slot region and penetrate into the inner zone; (5) electrons that do penetrate through
the slot have an upper energy “threshold,” but the maximum energy varies from event to event; and (6)
enhancements in the inner zone are also more common at lower energies, but not every slot-filling event
produces long-lasting enhancements of inner zone fluxes.

Broad-spectrum plots of flux as a function of energy and L shell show additional energy-dependent
features that are not as readily apparent in multienergy plots of flux as a function of L shell and time.
Figure 11 summarizes our results for quiet and active conditions. During quiet conditions the inner zone
has an outer boundary that is nearly linear in log(energy) versus L and the outer zone has an inner bound-
ary that is S shaped with a bite out of fluxes at a few 100 keV. During active conditions electrons are injected
into (and/or accelerated within) the slot region and fill the slot up to some maximum energy threshold.
Above that threshold lower energies penetrate still penetrate to lower forming an energy-dependent inner
boundary to the active outer belt that is also often remarkably linear in log(energy) versus L thus forming a
pair of boundaries shaped something like a “V.” Subsequent energy-dependent losses remove the
electrons that were injected into the slot and reform a linear inner zone boundary and an S-shaped outer
zone boundary.

Figure 10. Flux as a function of time for four different electron energies (57–737 keV) at L = 5 and L = 4. All curves show the exponential decay expected for losses
from pitch angle scattering by whistler modewaves. At L = 5 lifetimes are shorter for lower energies and longer for higher energies, but at L = 4 the lifetime of 146 and
336 keV electrons are shorter than at higher (737 keV) or lower (57 keV) energies. The minimum lifetimes at a few 100 keV at L = 4 are consistent with expectations
from hiss and are what produce the bite out of fluxes in that range of energy-L space as seen in, e.g., Figure 4.
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The general morphology during active and quiet time conditions shows remarkable similarities among events.
Figure 12 presents this broad-spectrum view for six additional events from March to June 2013 as marked in
Figure 12a. In Figures 12b–12m each row shows a different storm. Figures 12b, 12d, 12f, 12h, 12j, and 12l show
the quiescent state before the storm, and Figures 12c, 12e, 12g, 12i, 12k, and 12m show the active conditions
near the peak of the storm. While there are important and interesting differences, all six events show striking
similarities to the 1 March event. In particular, in active conditions (Figures 12c, 12e, 12g, 12i, 12k, and 12m)
all events show an inner boundary for the outer belt that is strongly energy dependent. In order to better
see the penetration and filling of the slot region, we have drawn a straight line approximating the energy
dependence of the enhanced outer zone fluxes and reproduced same lines on the plots of the quiescent states
before theevents. Interestingly, for the24April and1Mayevents, thepreexistingpopulationofhigh-energyelec-
trons at low L shells (i.e., to the left of the dashed line) is relatively unaffected by the enhancement event.

The quiescent conditions before these events show more variation than the active conditions do. As can be
seen from Figure 12a, this is at least in part a function of the intensity of the previous enhancement and the
length of time between events when the electron fluxes are decaying. For example, prior to the 17 March and
24 April events the slot was much broader in L and extended to lower energies than the 1 and 7 June events.
At times the upper and lower portions of the S-shaped boundary are highly asymmetric but retain the char-
acteristic bite out that defines the lower portion of the S. It is also interesting to consider sequential events.
Figure 12j shows the quiet state of the radiation belts before the event on 1 June, but it is also the quiet state
resulting from the decay of the event on 25 May (Figure 12i). The same applies to Figures 12k–12m.

Despite important quantitative differences, the broad-spectrum plots in Figures 11 and 12 all show
qualitatively similar energy dependencies and behaviors both in active conditions when fluxes are
accelerated and injected and in the quiet conditions when fluxes are decaying. The strong coherence

Figure 11. Flux as a function of energy and L shell for quiet (inbound orbit 484) and active (inbound orbit 492) conditions. Under quiet conditions the inner zone has
a triangular shape with an outer boundary that is nearly linear in log(energy) versus L. During 2013 the inner zone population only extended up to energies ≲ 1MeV.
The outer zone shows a “wave-like” structure with and energy-dependent inner boundary. The energy-L structure implies that over some range, higher energy
electrons have higher fluxes than lower energy electrons as seen in the line plot. In quiet times there is a flux minimum in the slot region down to energies of tens of
keV. In active conditions outer zone electron fluxes are enhanced producing an inner boundary that is closer to the Earth at lower energies than at higher energies.
Fluxes in the slot region are enhanced over a broad range of energies, and up to some threshold energy, the slot is completely filled in. At energies above that
threshold the inner zone fluxes are replenished, while above that threshold the inner zone fluxes are unaffected.

Journal of Geophysical Research: Space Physics 10.1002/2015JA021569

REEVES ET AL. ENERGY-DEPENDENT RADIATION BELT DYNAMICS 409



Figure 12. Energy-dependent dynamics for five additional events in 2013. (a) 459 keV flux as a function of L and time along
with the Dst index. Event times are marked with dashed lines. (b–m) Flux as a function of energy and L shell for individual
orbits prior to an enhancement event (Figures 12b , 12d, 12f, 12h, 12j, and 12l) and during the active part of the event
(Figures 12c, 12e, 12g, 12i, 12k, and 12m). Figures 12b–12m use arbitrary color scales that keep the dynamic range
approximately the same for each event. The orbits plotted are Figure 12b: 529; Figure 12c: 535; Figure 12d: 633; Figure 12e:
637; Figure 12f: 651; Figure 12g: 655; Figure 12h: 713; Figure 12i: 718; Figure 12j: 732; Figure 12k: 737; Figure 12l: 748; and
Figure 12m: 753.
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across a broad range of energies and the qualitative similarities among events need to be better under-
stood. They must also provide clues about the underlying processes that may be common to all radiation
belt enhancement events but that are obscured by the strong differences among events when viewed at
fixed energies or spatial locations.
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